• Context Coarse woody debris (CWD, ≥10 cm in diameter) is an important structural and functional component of forests.
Introduction
Coarse woody debris (CWD) is generally defined as dead woody material with a diameter of 10 cm or greater. This includes a range of woody debris from fallen logs and branches to standing dead trees (also called stags or snags) and stumps. CWD is an important structural component of forest ecosystems and plays a critical role in ecosystem process and functioning (Harmon et al. 1986 ). It provides food and habitat for wildlife, reduces runoff, and is an integral component of nutrient cycling (Grove and Meggs 2003) . CWD also contributes substantially to the long-lived forest carbon pool, a fact that is often overlooked (Clark et al. 2002) . With recognition of its important role in material cycle and energy flow in ecosystems, CWD in forest ecosystems has been studied since the late 1970s. However, most studies on CWD have been conducted in temperate forests in North America and North Europe, and only a few studies have been conducted in tropical or subtropical forests (Harmon et al. 1995; Santiago 2000; Iwashita et al. 2013) .
In China, CWD had not been studied until the early 1990s (Chen and Xu 1991; Hou and Pan 2001; Deng et al. 2002) , and so far there is very limited information available on CWD function in forest ecosystems. Studies on CWD in China have focused mostly on coniferous forests (Yang et al. 2002) , such as Korean pine mixed forests (Dai et al. 2000) , and Abies fargesii Franch. forests in temperate zones (Li et al. 1998) . Evergreen broad-leaved forests are distributed widely in subtropical zones in China. The subtropical region occupies onequarter of the total area of the country. There is a very rich diversity of plant species distributed throughout the evergreen forest area (Wu 1980) . Therefore, more studies should be performed in subtropical forests to obtain better insight into the influence of tree species on CWD.
CWD acts as a long-term stabilizing pool for nutrients and can enhance forest soil fertility and productivity (Keenan et al. 1993; Clark et al. 2002; Mackensen et al. 2003) . Assessing the function of CWD in nutrient cycling requires partitioning of the rates of inputs and decomposition of CWD relative to other litter types. In general, it is difficult to directly measure CWD input and decomposition due to its considerable temporal and spatial variations (e.g., Forrester et al. 2012) . Most previous studies for estimating rates of decomposition have used indirect methods, such as back-dating or chronosequence techniques (Laiho and Prescott 1999) . These rough estimates may be adequate for management guidelines, but more precise information on the patterns of mass, carbon and nutrient release from CWD is necessary for ecosystem modeling to better understand the role of CWD in various forest ecosystems. In order to obtain precise and more reliable information on CWD dynamics, the species or forest type effects cannot be neglected. In this study, we selected five important forest types in Wanmulin Nature Reserve in subtropical zone of China to examine the effects on the patterns of mass, carbon and nitrogen in CWD. We focused on the natural forests of Altingia gracilipes Hemsl., Tsoongiodendron odorum Chun, Castanopsis carlesii (Hemsl.) Hayata, Cinnamomum chekiangense Nakai and Castanopsis fabri Hance without evidence of past human disturbances in the reserve. Our objectives were to: (1) characterize the amount and the distribution of CWD in five natural forests, and (2) estimate C and N pools in CWD in these forests.
Materials and methods

Study area
The study was carried out in Wanmulin Nature Reserve in Jianou, Fujian (27°03′N, 118°09′E, 230-556 m a.s.l.). It borders Jiufeng Mountain on the southeast and Wuyi Mountain on the northwest. The region is located within a middle subtropical monsoonal climate zone, with a mean annual air temperature of 19.4°C and relative humidity of 81 %. The mean annual precipitation is 1,731 mm, which occurs mainly from March to August. Mean annual evapotranspiration is 1,466 mm. The growing season is relatively long with an annual frost-free period of around 277 days (Lin et al. 2011) . The soils are developed on granite and are classified as humic Planosols (red soils). The thickness of the soils exceeds 1.0 m (Yang et al. 2005) .
Wanmulin Nature Reserve includes a total area of 189 ha evergreen broad-leaved forests. The forests have been well protected as natural succession for > 600 years and mean tree age ranges from 120 to 150 years old. Some dominant species, such as T. odorum and C. carlesii, are characteristic of a climax vegetation. Based on facts such as the presence of large, old trees, and the lack of widespread human disturbance prior to the establishment of the Reserve, these old-growth forests are an ideal site to examine the CWD dynamics of evergreen broad-leaved trees in a subtropical region in China. The detailed information on the selected forests and their surface soils (0-20 cm) is shown in Table 1 (Yang et al. 2005 ).
CWD mass and contents of C and N
In 2008, three 20 m×20 m plots were established randomly in each forest of A. gracilipes, T. odorum, C. carlesii, C. chekiangense and C. fabri. The mass of CWD was determined using the fixed-area plot method (Harmon and Sexton 1996) . All types of CWD (logs, snags, stumps and large branches) within the plot were measured. Logs were downed or leaning deadwood with their minimum diameter ≥10 cm at the widest point and length ≥1 m. Dead trees with a gradient (departure from vertical direction) ≤45°and the diameter at the widest point ≥10 cm were classified as snags, while those with a gradient >45°were classified as logs. Stumps were defined as vertical deadwood ≤1 m in height and ≥10 cm at the widest point in diameter (Harmon and Sexton 1996) . The species, length and diameter of each piece of CWD were recorded. The length of CWD was measured to the nearest 0.1 cm. When the CWD extended to the outside of the plot, only the part within the plot was measured. The heights of a snag were estimated with a clinometer (Vertex III, Haglöf, Sweden). The total volume of the CWD was calculated using the formula: V=π L ( We separated CWD into four size classes based on diameter: 10 to <20 cm, 20 to <40 cm, 40 to <60 cm, and ≥60 cm. Each piece of CWD was classified according to a five class system (Sollins et al. 1987; Tang and Zhou 2005) : class 1: freshly fallen log with sound wood, intact bark and twigs intact, original color; class 2: initial rotting of the sapwood, bark and heartwood sound, twigs absent, original color; class 3: bark sloughs, sapwood decayed but still present, heartwood decayed but structurally sound, reddish-brown or original color; class 4: sapwood has rotted, bark absent, branches can be removed easily, heartwood is thoroughly rotted and color of wood is reddish or light brown; class 5: heartwood fragmented and settled into the ground as elongate mounds, red-brown or light brown.
Coarse woody debris mass was calculated as the product of CWD volume and decay class-specific densities. To determine wood density, we cut small pieces of wood (n=3) from dominant species of CWD in each decay class. Each fragment was dried at 70°C to constant weight (approximately 1 week) and weighed. The volume of fragments was then determined using the water displacement method (Chave et al. 2006) . Finally, wood density was estimated as the ratio of dry mass to volume. We assumed the same wood density values for the same species at the same decay class among logs, snags, stumps and branches.
To determine the C and N concentrations of the CWD, nine representative samples were taken from pieces of CWD chosen randomly from each decay class across three plots in each forest, and ground finely to pass through a 1-mm mesh screen. A well-homogenized subsample was then analyzed for C and N with an ELEMEMTAR Vario EL III CN Analyzer. The C and N pools of CWD were calculated as the product of CWD mass and decay class-specific C and N concentrations.
Statistical analysis
Analyses of variance (ANOVA) with post hoc Tukey's test were used to determine significant effects of forest type, diameter class, and decay class on mass of CWD components and pools of C and N. Linear regression was used to assess the relationship between the density and C:N ratio of CWD with forest type as a covariable. Statistical significance was established at the 5 % level, unless otherwise mentioned. All statistical analyses were done using SPSS software (SPSS 13.0 for windows, SPSS, Chicago, IL). t h e h i g h e s t w a s i n t h e A . g r a c i l i p e s f o r e s t (40.60 Mg ha −1 ) ( Table 2 ). The mass of logs in the A. gracilipes forest was significantly higher than those in other natural forests. The T. odorum forest had a significantly higher mass of snags. The A. gracilipes and C. fabri forests had intermediate values of mass of snags followed by the C. carlesii forest, while the C. chekiangense forest had the lowest value. A significantly higher mass of large branches was found in the C. carlesii forest, while there was no big difference between the A. gracilipes and C. fabri forests in the mass of stumps and large branches. Of the total CWD mass in the five forests, the logs comprised 54.75-94.86 %, representing the main component of CWD.
Diameter classes distribution of CWD
The C. carlesii and C. fabri forests had a significantly higher proportion of CWD in the 10-20 cm size class (39.42 % and 36.27 %, respectively) than other forests. The T. odorum forest had the lowest proportion of CWD at the diameter of 20-40 cm. The mass percentage of CWD at the diameter of 40-60 cm ranged from 4.95 % in the C. fabri forest to 67.17 % in the T. odorum forest. There was a large variation in the diameter classes distribution of CWD in each forest (Table 3 ). The largest CWD (≥60 cm diameter) was found only in the A. gracilipes forest. CWD in the 40-60 cm size class was the main component in the T. odorum forest and represented above 65 % of total mass. While most of CWD accumulations in the C. carlesii, C. chekiangense and C. fabri forests were composed of pieces with diameter ≤40 cm.
Decay classes distribution of CWD
The distribution of CWD in different decay classes varied among forests (Fig. 1) . The A. gracilipes, T. odorum, C. carlesii and C. chekiangense forests contained the full decay classes (from 1 to 5 classes) of CWD. The proportion of total CWD mass in decay class 1 was the highest in the C. chekiangense forest and lowest in the A. gracilipes forest. In the C. fabri forest, the CWD in decay classes 2-3 accounted for about 90 % of the total CWD mass. Of total mass of CWD across five decay classes, the two categories (decay classes 4-5) comprised 8.5-36.8 %. The density of CWD was correlated significantly with its decay classes (P<0.001). The C concentrations of CWD differed significantly across all decay categories (P<0.001).
Our results showed increasing N concentrations and decreasing C concentrations and C:N ratios with stage of decay (Table 4) . Generally, density and C:N ratio changes were more pronounced in classes 4-5 than classes 2-3. There was a significant correlation (r=0.906, P<0.001) between C:N ratio and density loss of CWD across five natural forests. The CWD linear function had the R 2 value of 0.821 (Fig. 2) . A decrease in density resulted in a corresponding decrease in the C:N ratio.
3.5 Pools of detrital mass, C and N Quantities of mass, C and N of CWD in class 5 were significantly lower than all other classes in all forests. There were also significant differences in the mass and contents of C and N of CWD between class 2 and class 3 (Table 5 ). Generally, pools of mass, C and N of CWD in classes 1-3 were significantly greater than classes 4-5, but mass and N content of CWD at class 4 in the A. gracilipes forest was the greatest among the five decay classes.
The A. gracilipes forest had significantly greater overall pools of C and N in CWD than other forests. The lowest stocks of C and N in CWD were found in the C. fabri forest and C. chekiangense forest, respectively (Table 5) .
Discussion
Quantity and quality of CWD
The total CWD volume found in the present study (48.0-100.4 m 3 ha ) (Delaney et al. 1998 ) and subtropical evergreen broad-leaved forests in Wuyi ) (Carmona et al. 2002) . Further, CWD mass of other four natural forests at our site fell within the lower end of temperate deciduous forests elsewhere in the world (Harmon et al. 1986; Idol et al. 2001; Currie and Nadelhoffer 2002; Muller 2003) . Overall, the large variations in the CWD estimates from the literature may be due to differences between forest types, decomposition rates, stand history and disturbance regimes (Yan et al. 2007; Schlegel and Donoso 2008) . Significant differences were also observed in total CWD mass among the five natural forests (Table 2) in the same region, which could be due partly to the tree species effects. We found woody debris in the A. gracilipes forest is mainly of large diameter and low decay rate tree species (e.g., A. gracilipes with higher C:N ratio compared to C. carlesii, unpublished data), which could contribute to CWD accumulation.
In this study, the high proportion of logs (especially larger diameter pieces) in CWD composition of the natural forest is similar to the old-growth forest ecosystems in other regions (Harmon et al. 1986; Spies et al. 1988; Siitonen et al. 2000) . These CWD components resulted mainly from the natural senescence and death of old trees. This is the main route of woody debris accumulation in old-growth natural forests and is very common in other regions (Goodburn and Lorimer 1998; Liu et al. 2002; Webster and Jenkins 2005) . On the other hand, the studied forests are natural old-growth forests (10) and therefore have been protected from cutting (Qiu 2010) . Furthermore, the patterns of CWD mass within size classes at a site can usually be linked to forest history and disturbance (Currie and Nadelhoffer 2002) . Our A. gracilipes forest (~150 years old) had undergone some single-tree mortality and small-scale wind disturbances. As a result, significant quantities of mass were present in CWD across a greater range of size categories (Table 3) . Above 50 % of the CWD mass in five natural forests was dominated by moderate and high decayed components (Fig. 1) , which might reflect a comparatively higher decomposition rates of woody debris in our study sites. Appropriate climate conditions in the study area provides advantageous conditions for microorganisms to thrive, and this may contribute to CWD decay (Cui and Dai 2008) . On the other hand, differences in CWD decay stages are probably due to species differences and disturbance (Eaton and Lawrence 2006) . Mattson et al. (1987) found a 10-fold variation in decay rates among species in a mixed hardwood forest in North Carolina. In our study area, CWD in the C. chekiangense forest was composed mainly of logs of C. chekiangense, which is caused by recent high windthrow mortality. Therefore most CWD was in decay class 1. It is necessary to develop site-and species-specific decay classification schemes for natural forests in Wanmulin Nature Reserve. We found that there was a decrease in density as decay progressed from decay class 1 (or 2) to 5 in the A. gracilipes (62 %), T. odorum (77 %), C. carlesii (72 %), C. chekiangense (76 %) and C. fabri (66 %) forests. This result was consistent with the various sources that have reported a gradual decrease in density of coniferous and deciduous tree components with decay class increase (Creed et al. 2004; Tobin et al. 2007 ; Beets et al. 2008; Yang et al. 2010) . The linking of density to decay class is useful when undertaking an inventory of C stocks of CWD (Olajuyigbe et al. 2011) . The result of the decrease in C:N ratio with decay progressing in this study indicates that the C:N ratio could be used as a potential indicator of decay stages. This phenomenon was also observed in some earlier studies (Creed et al. 2004; Palviainen et al. 2010; Yang et al. 2010) . The decrease in C concentration and increase in N concentration resulted in a declining C:N ratio with the decay process. In the case of angiosperm wood, there is a decrease in C concentration as it becomes more decayed (Harmon et al. 2013) . The decline in C concentration is striking, as low as 29 % in class 5 in the C. chekiangense forest ( Table 4 ). The likely explanation is the prevalence of white-rot. White-rots, which degrade lignin, are more common in angiosperms. This might lead to a decrease in C concentration as decomposition proceeds (Gilbertson 1980) . We have observations of light color in many of the highly decayed CWD, which might be associated with white-rots. The other reason for C concentration decline would be a large increase in ash due to mixing with soil (Harmon et al. 2013) , while the N concentration increased as the mass of CWD declined-possibly due to fungal and bacterial N fixation (Yang et al. 2010) . The strong correlation between the change in C:N ratio and the density reduction with decay progression revealed an important interaction between the chemical and physical properties of CWD. The density of CWD integrates both external and internal properties of CWD and is a valuable diagnostic tool for assessing its C:N ratio (Creed et al. 2004; Yang et al. 2010 ).
4.2 C and N pools of CWD As a part of the organic matter pool on the forest floor, CWD stores significant amounts of C (7.62-17.74 Mg ha −1 ) in oldgrowth natural forests of the Wanmulin Nature Reserve. However, the C pool of CWD in our study was much lower than that of old-growth and primary coastal rainforests in southern Chile (Carmona et al. 2002) and at the lower end of the range reported for tropical forests (<1 to >30 Mg C ha −1 ) (Clark et al. 2002; Rice et al. 2004; Baker et al. 2007; Yang et al. 2010 ). As such, the percent of total aboveground C in CWD provides a better indication of the importance of CWD to ecosystem C storage, and a better means of comparing CWD C across forests (Iwashita et al. 2013) . Total CWD C storage in this study accounted for an estimated mean value of 5 % of total aboveground C storage, ranging from 4 % to 9 % across five forests (unpublished data). This value was lower than estimates of 19-33 % for tropical forests (Delaney et al. 1998; Clark et al. 2002; Rice et al. 2004; Baker et al. 2007; Palace et al. 2008) . Thus, the low quantity of CWD C stored in these forests appears to be driven primarily by the relatively low amount of aboveground live biomass contained in these forests compared to other tropical wet forests. Also, carbon in CWD in the five natural forests amounted to about 10 % of the total soil C store to 1 m depth (unpublished data), which was slightly lower than that of unmanaged beechdominated mixed deciduous stands (15 %) in Denmark (Vesterdal and Christensen 2007) . N stock in CWD in these forests was similar to those reported in other studies (Idol et al. 2001; Currie and Nadelhoffer 2002) , while it was higher than in a natural mixed deciduous forest in Korea (Kim et al. 2006) . It was estimated that CWD could account for about 6-15 % of the total aboveground N pool across studied forests (unpublished data), similar to the results of Laiho and Prescott (1999) . Several factors such as climate, substrate quality and forest disturbance have been suggested to account for the variation in inputs and outputs of woody debris and consequently the C and N stocks of CWD in different forests (Harmon et al. 1986; Clark et al. 2002; Yang et al. 2010) . Given the important value of CWD for C and N cycling, more research into CWD dynamics across this region is critically required.
Conservation implications
Natural evergreen broad-leaved forests are valuable forest types within China. Recently, however, there has been an apparent tendency towards replacing these oldgrowth evergreen broad-leaved forests with plantations of coniferous species such as Pinus massoniana Lamb. and Chinese fir (Cunninghamia lanceolata [Lamb.] Hook). As a consequence, plantation forests lack some key old-growth characteristics (Yan et al. 2007 ). The abundance of CWD, especially large logs, is thought to be the most outstanding structural characteristics of old-growth primary forest (Harmon et al. 1986; Siitonen et al. 2000) . In any case, the time required to develop CWD patterns and characteristics (especially largerdiameter log distribution) is still long (Yang et al. 2008; Motta et al. 2010) . Recovering time for CWD structure and composition similar to primary forest may exceed several centuries. On the other hand, the interaction between CWD, C and nutrient storage can be used in forest ecosystem health management (Guo et al. 2006) . Therefore, it is very important to preserve the current natural forest and maintain the structural and functional integrity of CWD.
